Basics of EXAFS data analysis
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X-ray-Absorption Fine Structure
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X-ray-Absorption Fine Structure
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Fourier Transform of y(k)
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= Similar to an atomic radial distribution
function
= Distance
= Number
= Type
A,; = Structural disorder
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Outline

s Overview of Athena interface

s Definition of EXAFS

= Edge Step
=« Energy to wave number

s Fourier Transform (FT) of y(k)
= FT is a frequency filter

« Different parts of a FT and backward FT
= FT windows and sills

= AUTOBK method for constructing the background
function
« FT and background (bkg) function
= Wavelength of bkg
= Fitting the bkg

= EXAFS Equation
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Athena Overview

Current group

Fle Ecit Group | Plot Mark | Deglitch Alin Merge Diff

Current Group:  cugrdl_ave w_

=1ES

Freferences  Help

_|

Data groups

b g P s s s B e

X

cugr_kh
cugr welch
Cugr_parzen
cugr_sine
cugr_nosill
cugr_01
cugr_05
cugr_10

List of files
That you have
Opened into
Athena.

Each file is a
group. Each
Group contains
Data and
parameters.

The parameters for
the highlighted

Listed here File: | Momefskelly/afs/Cu/CuGRiarscugri] _merge_nor nor
Background remowval
E0: [8976.236 X| Reky: [T X
Stancard; Mone — Background; ~dtobk  — H -
Background ] - |
Parameters k-weeight: |1 EOD shift: |EI Edge step: ||:| 391z
For the Pre-edoe range:; |—15|:| ﬂ to |—3|:| _|
Current Mormalization range: | ﬂ to |923 77 ﬂ
Group Spline rarige: k: ||:|_5 | to |15 392 ¥
B |n.952 pARE |1023 77 ¥
Spline clamps: _lowe  Mone - | high,__Strong - | Melame: [
Fouri Forward Fourier transform
rier :
T(r):nseform k-weight: B dk: |2 window type;  Kaiser-bessel -‘l
Parameters k-ranige: |2 ] to |11.E42 pid|

For the curreht

ik i -'l Ecge:

Phase correction: i off

I
F

Plot curvent group in

Plnt marked group in

group are shown on
the right.

<—Orange buttons plot

the highlighted data

Plnttmg options

group

Backward Fourier transfarm

Ellelquelpl

W hagnitude 8
i Envelope
1 Feal part o

o Imaginary part s

1 Fhase o
o Window
Rrnir: j0 Rrnax: (6

Eglc,ll:lvevrard dr: ||:|_ g wincow type;  kaiser-bessel  — |
Transform hi D X [ A
Earatrk?eters ¢ Flotting parameters
r rren
WIHONAL AO = LS plot multiplier: |1 y-axis offset: |EI
Yy "
%’ . % Cannot check memary with this wersion of [feffit
c, o
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Purple buttons will
plot several marked
data sets together

Plotting options
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Definition of EXAFS
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E {ev} k (87"
Normalized Measured Absorption
oscillatory part coefficient Bkg: Absorption coefficient without
of absorption / contribution from neighboring atoms
coefficient (Calculated)

x(E) - W(E) - uo(E) .~ W(E) - uo(E)
Au(E) _~A(E,)

Evaluated at the Edge step (E,)
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Absorption coefficient

cugrd1_Z201f
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| Pl‘e-Edge I‘eg iOI1 300 to 50 eV before the edge
| Edge I‘eg ion the rise in the absorption coefficient
| POSt'Edge I‘eg ion 50 to 1000 eV after the edge
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Edge step: Au(E,)

cugrd1_Z01f

L.75

nuiEy
(017 o

0.5

[.55

E {ai}

l Pre'Edge |il1e 200 to 50 eV before the edge
| POSt'Edge Iine 100 to 1000 eV after the edge

| the change in the absorption coefficient at the edge
Evaluated by taking the difference of the pre-
edge and post-edge lines at E,



Athena normalization parameters
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E: |p.9s2 X to [1023.77 X
Spline clamps:  low:  Mone —-| high:  Strong —-|

=] [DEX
File Edit Group I Plot  tiark I Cata Align derge Dif  Analysis Seftings  Help
Current Group:  cugr Data groups |
File:  |/homefskelly/®afs/Cu/CuGRijan0z/athena.pri | - cugr ) AY
i \
Background removal
d 1 short_t«t I
E0: [8976.236 xI PRbkg [0.1 X .
s 8 | I short_win
. Mone —-| T . —
Standard: Backgrgerfd: : i step.tat
. k-weight: |1 ED shift; |D Edge step: |D.9845 fixx step 1 cugr_hanming
”  Pre-edge range: |—1SD ® o 0 Kb
CLIgr
" Mormalization range: |1DE| X to |923.’r‘? X = ar ="
Spline range: k; |D .5 ¥ to |16 .392 =

ougr_‘\iiy .
lot ent group in

plotting in energy from group ‘cugr' .. done!

= lot marked group in
Forward Fourier transform ““
k-weight: [t de |2 window type:  kaiser-bessel —'| — - |
otting options
k-range: |2 X to |11.’r‘32 %
2 A X E Elqg ackl Ip |
Phase correction:  _f of 7 I —‘| Edge: © —'|
o W mulE) v
Backward Fourier transform I background
dr: ||3 5 window type;  kaiser-bessel — | W pre-edge line
R-range: Il—ﬂ to |3—5| W post-edge line
Plotting parameters | Drevivate o !
plot multiplier: |1 y-axis offset: |D < Ermin: |—2E|E| Emax:lzgg
/

S~

To reproduce
The plot of the
Previous slide:
Highlight the
Group you
want to plot.
Push the
Orange E button
And set the
Plotting options
s shown.




Energy to wave number

cugrd1_201f | mlgrﬂ1_,ED1f
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Mass of the Threshold
E Must be electron Energy
0 somewhere on
the edge k2 =2m. (E - EO)
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h <«—Planck’s constant

AE(eV) ~ 3.81 k2



Athena: Edge energy EO
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File Edit Group [ Flot  Mark | Deglitch  Align Merge  Diff

Freferences

Current Group:  cugrdl_ave

File:: |.l'|’||:|me.l'3kellg.r.l'}€af3ﬂ:uﬂ:uGH.ﬁanElE.fcugrm _MMerge_not.nor

Frackground remo
EQ: ISS?E.ZSE .)_(I
None --'|

ke [1 X

Background;  ~dtobk —'l

H _-l

Standlard:
k-weight: [T EOshift: [0 Edgestep: [0.9312 i fixstep
Fre-edoe range: I? %] to IT b
Mormalization range: IF ﬂ ta IW ﬂ
Spline range: s »lto [iB392 ¥

B W pARE W |
Spline clamps:  low:  Nohe -| high:  Strong —-| Melarmg: |5_

Forward Fourier transform

k-weight: B dk: |2 window type: | Kaiser-bessel -‘l
k-ranige: |2 ] to |11.E42 pid|

Phase correction: 4 off  Z: _"I Edlge: _-'I

Backward Fourier transfarm

dr: ||:|_5 winclow type: kaizer-bessel —-|

Fi-range: B ¥ to |3 bl
Flotting parameters
plot rmultiplier: |1 y-axis offset: |EI

Helg

Data groups

_|

cugr_kh
cugr welch
Cugr_parzen
cugr_sine
cugr_nosill
cugr_01
cugr_05
cugr_10
cugr_1a

s e s e s i S (e B e

cugrdl_ave

Plot curvent group in

Plnt marked group in

X

v

Plotting options

Ellelquelpl

W hagnitude 8
i Envelope

1 Feal part o
o Imaginary part s
1 Fhase o
o Winclow

FRrnir: |0 Rrnax: {6

Cannot check memary with this wersion of [feffit
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Properties of a Fourier Transform

FT of infinite sine wave is a delta function
FT of Sin(2k) is a peak at R=1
FT is a frequency filter

Signal that is de-localized in k-space is localized
In R-space



Fourier Transform of a function that is:
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De-localized in k-space = localized in R-space
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Fourier Transform is a frequency filter

short ot
— : : : ' ' ' — R

)/\ m | Regularly spaced ripple |

Indicates a problem
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= The signal of a discrete sine wave is the sum of an
infinite sine wave and a step function.

= FT of a discrete sine wave is a distorted peak.
= EXAFS data is a sum of discrete sine waves.
= Solution for finite data set is to multiply the data with

~A« a window.
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Fourier Transform

short aln

0.5

T

= Multiplying the discrete sine wave by a window
that gradually increases the amplitude of the
data smoothes the FT of the data.




Fourier Transform parts

Real and imaginary parts of FT x(k)

= Re [x(R)] and Im [¢(R)] magnitude of FT x(k) = |x(R)]|
nugr cugr.
T — Rl : = = |
x(k) data and FT window - —
cugrbh o ';-;a
i | =R | —;[{k:l ] = =
o — windov = =
2 al Real part |
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Fourier Filter of EXAFS data
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Understanding the different parts of FT

a.lElf_Hi + ﬂ.lglr_H: A
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Athna plotting in R-space

E [=l[Bl[x]
File Edit Group [ Flot  Mark [ Deglitch Align Merge  Diff Freferences  Help
Current Group:  cugrdl_ave nl-craies -
File: | momefskelly/#afs/Cu/CuGRian02fcugr0] _merge_nor nor i cugr_kb A
o cugr_welch
Background remowval 1 Cugr_parzen
E0: [2976 236 X| Reky: [T % 1 cugr_sine
Stancard; Mone — | Background; ~dtobk  — | P | [ Bl et | A BUgr sl
k-weeight: |1_ ED shift: ID_ Edge step: W o fix step j EES:_E;
Pre-edoe range: I? %] to IT bl = I:ugr_'l 0
Mormalization range: IF pARE IW Pl = I:ugr_'l .
Splife range: k: ||:|_5 | to |15.392 x| L _.;,

B |n.952 pARE |1023.?? |
Spline clamps:  low:  Nohe -| high:  Strong —-| Melarmg: |5

Forward Fourier transform

k-weight: B dk: |2 window type: | Kaiser-bessel -‘l
k-ranige: |2 ] to |11.E42 pid|

Phase correction: 4 off  Z: _"I Edlge: _-'I

Backward Fourier transfarm

dr: ||:|_5 winclow type: kaizer-bessel —-|
R-range: |1 ﬂ to |3 ﬁl

Flotting parameters

QRTIONAL % plot multiplier: |1 y-axis offset: |EI
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o Magnitude
i Envelope

1 Feal part
1 Imaginary part
1 Fhase

o Window

Qi ||:| Hnypa

E v

Cannot check memary with this wersion of [feffit
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Fourier Transform Windows
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Fourier Transform window sill
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Fourier transform parameters in Athena

Choose k-range
end points at
points of
symmetry, like a
node.

Fle Ecit Group | Plot Mark | Deglitch Alin Merge Diff

Freferences

Current Group:  cugrdl_ave

File:: |.l'|’||:|me.l'3kellg.r.l'}€af3ﬂ:uﬂ:uGH.ﬁanElE.fcugrm _MMerge_not.nor

Background remowval
EQ: |39?5.235 | Fbkg: |1 bl

Standard: M Background:  Autokk —'l z: | H -‘l
k-weight: [T EOshift: [0 Edgestep: [0.9312 i fixstep
Fre-edoe range: I? %] to IT b

floo x| ta [E3TTT ¥

F | to W X
B W pARE W |

Spline clamps:  low:  Nohe -| high:  Strong —-| Melarmg: |5

Mormalization range:

Spline range:

Forward Fourier tran

k-weight: |1 |2 wirclow type: kaiser-hessel -~
»  k-range: |2 | to i“_ g ==
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Phase correction: . off 2 | Eclge: |

Baclkward Fourier tran
||:|.5 window type:  kaizer-bessel -|
R-range: |1 ﬂ to f= ;:

Flotting parameters

plot rmultiplier: |1 y-axis offset: |EI

Helg

Data groups

_|

cugr_kh
cugr welch
Cugr_parzen
cugr_sine
cugr_nosill
cugr_01
cugr_05
cugr_10
cugr_1a
cugrol_ave

s e s e s i S (e B e

Plot curvent group in

Plnt marked group in

X

v

Plotting options

Ellelquelpl

W hagnitude 8
i Envelope
1 Feal part o

o Imaginary part s

1 Fhase o
o Window
Rrnir: j0 Rrnax: (6

Cannot check memary with this wersion of [feffit
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kK-weight used in FT of data

v(K) data is often weighted by k%. W is called the k-
weight.
Typical values for k-weight = 1, 2, or 3.

Different fitting parameters have different k-
dependencies. Using different k-weights when fitting
the model to the data will help break the correlation
between these parameters.

The EXAFS signal from different atoms have different
k-dependencies. Comparing the FT of data with
different k-weights can help distinguish atoms from
different rows on the periodic table.



Using k-weight to distinguish
different atom types

= Rescale the FT so that the first
shell has the same amplitude . all marked groups

© |- — o2 kA

with all three k-weights. — uoZ_kw

= Other shells that do not have e
the same amplitude are most
likely due to different atoms.

= Shells that grow with increasingg
k-weight may contain atoms
with larger atomic number.

= Shells that diminish with
increasing k-weight may
contain atoms with smaller
atomic number.
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Athna Compare k-welght FT
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Fle Ecit Group | Plot Mark | Deglitch Alin Merge Diff

Freferences

Current Group:  cugrdl_ave

File:: |.l'|’||:|me.l'3kellg.r.l'}€af3ﬂ:uﬂ:uGH.ﬁanElE.fcugrm _MMerge_not.nor

Background remowval
EQ: |39?5.235 | Fbkg: |1 bl

Stardary; Mone -'|
[T Eoskift: o
Pre-edge range: I? ﬂ to
IF pARE

H _-l

Background;  ~dtobk —'l

Edge step: |D.9912 o fix step
|—3n bl
|923.?? Pl

k-weeight:

Mormalization range:

Spling rance: ||:|_5 ﬂ to |1E.392 ﬂ
B |n.952 pARE |1023.?? |
Spline clarmps:  low:  Mone = | high:  Strong = | Melarmg: |5_

ier transform

k: |2 window type;  kaizer-bessel -|
X to  [iiEaz x|

ik i -'l Eclge: -'l

4 off

Phase correction:

Backward Fourier transfarm

dr: ||:|_5 winclow type: kaizer-bessel —-|
|1 | to |3 ot

R-range:

Pl

plot rmultiplier: |:l ||:|

y-axis offset:

Data groups

Helg

_|

cugr_kh
cugr welch
Cugr_parzen
cugr_sine
cugr_nosill
cugr_01
cugr_05
cugr_10
cugr_1a
cugrol_ave

s e s e s i S (e B e

Plot curvent group in

X

v

Ellelquelpl

W hagnitude 8
i Envelope

1 Feal part o
o Imaginary part s
1 Fhase o
o Winclow

FRrnir: |0 Rrnax: {6

Cannot check memary with this wersion of [feffit

eUse Ctrl-y to copy the
data set.

eChoose a different k-
weight for each copy.
eRescale the data
using the plot
multiplier. So that first
shell peak has the
same amplitude.
eMark each data set.
ePlot in R-space.

0



Background function overview

T

065

0.5

cugrd1_201f cugrd1_Z201f
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B UM

0.5

k xlk)

—0.E
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adann aakn 4100 a1 ah 0 5 10 15
E {ev} k(A

A good background function removes long frequency
oscillations from y(k).

Constrain background so that it cannot contain oscillations
that are part of the data.

Long frequency oscillations in y(k) will appear as peaks in
FT at low R-values

FT is a frequency filter — use it to separate the data from

the background!
ol




Separating the background function
from the data using Fourler transform

all murked Qroups |:|II mn:lrked groups
T T T I 1

ol | T T T datatxt S _ data_txt
£ i — bkg it
kg _txtk — bata_phkg_txt

4

(k) (&)
7

Rbkg

N

node Min. distance between
5 =TT, nodes defines max
(AT frequency of background R (5)
= Background function is made from splines connected by evenly distributed

knots.

= Each spline is allowed one node.

= The number of knots are calculated from the value for Rbkg and the data
range in k-space.

A. ‘*’- Distance between nodes is limited restricting background from containing
~_frequencies that are part of the data. @3




RDkg value in Athena
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Fle Ecit Group | Plot Mark | Deglitch Alin Merge Diff

Freferences  Help

Current Group:  cugrdl_ave

File:: |.l'|’||:|me.l'3kellg.r.l'}€af3ﬂ:uﬂ:uGH.ﬁanElE.fcugrm _MMerge_not.nor

Background remowsg

EO: ISS'.'-'E. 236 .)EI

Stardary; Mone - MGrounc:  Autobk — | Bt |
k-sweight: |1 EQ zhift: |EI Edge step: |U. 35812 g fix step
Pre-edoe range:; |—15|:| ﬂ to |—3|:| ﬂ
Mormalization range: |1|:||:| pARE |923. 7 ]
Spling rance: ||:|_5 ﬂ to |1E.392 ﬂ

E: |n. 952 pARE |1023. 77 ¥
Spline clarmps:  low:  Mone = | high:  Strong = | Melarmg: |5

Forward Fourier transform
g

|2 ﬂ to

7ot i -'|

k-weeight:
k-range:

Phase correction: i off

dk: |2 wincow type: kaizer-bessel —-|
[leez X

Eclge: -'l

Backward Fourier transfarm

dr: ||:|_5 winclow type: kaizer-bessel —-|

Fi-range: B ¥ to |3 bl
Flotting parameters
plot rmultiplier: |1 y-axis offset: |EI

Data groups _I

cugr_kh X

cugr welch

Cugr_parzen
cugr_sine
cugr_nosill
cugr_01
cugr_05
cugr_10
cugr_1a

s e s e s i S (e B e

cugrdl_ave

v

Plot curvent group in

Plnt marked group in

Plotting options
Ellelquelpl

W hagnitude 8
i Envelope

1 Feal part o
o Imaginary part s
1 Fhase o
o Winclow

FRrnir: |0 Rrnax: {6

Cannot check memary with this wersion of [feffit




FT and Background functlon
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= An example where long wavelength oscillations appear
. as (false) peak in the FT
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Fitting background and data
using Artemis

dota et 1 In R apace
I ! I
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= cugr_01.4
— Fit i
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=  Minimum distance between nodes and the number of knots are
constrained by the data range and the value for Rbkg.

= Notice that not all the nodes (8) were needed to remove the
background. Nodes are not constrained.

= Using the FT to frequency filter the data, means that IFEFFIT
~ .. doesn’t need your help to place the nodes.
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Artemis, Fitting the background
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File Edit[GDS Data FEFF Pathsmot

Settings  Help

Operational Parameters

Titles

=

Fit

[ata & Paths

Guess, Def, Set I

B cugr_01.chi

— Fit

— Background

|.-th medskelly/Xafs/CurCuGRjant2/cugr_01.chi

Cata file

_| Use previous background?

15893 x| to 13647 »  dk |2
koweight B kw=1 _| kw=2 _| kw=3 _| otherk weight |

F-range |1.7'88 ¥ to |2.988 ¥ dr |O.1

I aiser-Bessel —-| R window  Kaiser-Bessel —:l

|0.25

W Fit background?

k-range

k window

Fitting space R — |

Fath to use for phase corrections

bAinimum reported correlation

Mone _-|

Plotting in r space ... done!

— Residual

B- FEFFO

tfeﬂoom .dat
feff0002.dat

Y

Plot k-weight and options

VO @12 B kw

Flotin R: hMagnitude — — |

Flotin q: Feal part = |

1 Windon

kmin;: |G kmax: |15
Emin: |0 Rmax:lB
qmin: |2 qma: |15




How to choose Rbkg value

all marked groups all marked gqroups
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A Hint that RbKg may be too large.
Data should be smooth, not pinched!

= An example where background distorts the first shell peak.
= R, should be about half the R value for the first peak.
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Frequency of Background function

Data contains this and Bkg contains this and
shorter frequencies longer frequencies
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Constrain background so that it cannot contain frequencies that are
part of the data.

= Use information theory, number of knots = 2 Rig AK [

= 8 knots in bkg using R, ;=1.0 and Ak = 14.0
Background may contain only longer frequencies. Therefore knots
are not constrained.
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x(k) = % xi(k) > :4_
, Scattered
with Photoelectron

_ F(k) sin(2kR, + o(k -26.%k?) exp(-2R/A(K))
(k) = ( (NS IR0 Smé “ ¢,(K)) exp(-20,7k2) exp( )
| i = Ro +
k? =2 me(E' ) h

Parameters often determined

Theoretically calculated values from a fit to data

F.(k) effective scattering amplitude

: : . degeneracy of path
%((Il()) ﬁfgzc: '}/reezcsgttﬁrmg phase shift passive electron reduction factor
mean squared displacement

Ry, initial path length energy shift

change in half-path length
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Athena: Summary

Background removal parameters

u
= Rbkg, cutoff frequency for background, should be about half
the first peak position in R-space \
=  Value for EO, defines wave number k, should be somewhere %’,""; T R . ”j‘ﬂ“ﬁ
on the edge, W|” be Opt|m|ze |n ﬂt. \E;,{ it ruup[ ot arl [ ata ign erge Dl nalysis ettings Help
H : Curr\en\Group: cugr Data groups |
=  Pre-edge range, used to normalize the data and determine e omaishelyarsiCuCuCRjanoziathenap] | o O
the edge step, values are relative to EO and should be in the P p—— 4 sinsk
pre-edge region (negative) . \%ED: e i | = s:ort_tx}
= Normalization range, used to normalize the data and | Smndarc: Nons — Beckgroung: Avobk |z 1 | [~ zt;:*:t'”
determine the edge step, values are relative to EQ and SAcuege [ eosni IR okl RGN =G [P —
should be in the post-edge region (positive). I mﬂ — ;‘ e ﬁ i cugr kb
= Edge step: Value used to scale y(k) data and normalize the Ly soinerange Kk 5 x w [6.3  x O cugele ]
absorption data. £ 1852 x w [023.77 x _ Plotcurrent groupin__|
= Spline range, in wave number and energy. This is the range Spinecargs o orm | v St | p.nqmar?dgm
that will be used for the background spline. “Bad” data at IFEIRYENRE] (R (sl , ‘ [ e [« |
really high energy should not be included. White lines at low e " I ki Jalsertosre | Plottingptions |
energy should not be included. et e =] s b — ;I:I/RWI stack | Hep |
q ) ) mu(E) v
. Fourier Transform parameters Backward Eolrier ransform i background
=  K-weight, used to emphasize different regions of the data. i [0.5 Auindow tpe: W s
Values of 1,2, or 3 are often used. 7<g ESI N E - S mes
I q . . Plotting pgrdmeters I Derivative =
= dk: width of sill used in the FT window. Values of 2 to 0.8 plvd\ﬁ:{’% e ofset ID—/ e
inverse angstroms are often used sy o wer e
= Window type: type of window function used. Kb is usually prran e g o o e
fine.
= K-range: This is the range of data in k-space that will be
FT. Pick nodes usually one or two cycles from the ends.
. Backward Fourier transform
= dr: width of the sill used in the FT window. Usually 0.5
inverse angstroms is fine.
= Window type: type of window used in FT. Kb is usually
fine.
= R-range: The range of frequencies that you want to include
in the backward FT.
‘&\w‘““’“ ‘s, m  To compare the backward FT to the original x(k) data pick
é %  the orange kq button
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